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While hippocampal atrophy is a key feature of both hippocampal sclerosis (HS) and Alzheimer’s disease (AD), the pathology
underlying this ﬁnding diﬀers in these two conditions. In AD, atrophy is due primarily to loss of neurons and neuronal volume
as a result of neuroﬁbrillary tangle formation. While the etiology of HS is unknown, neuron loss in the hippocampus is severe to
complete. Wecompared hippocampal volume and deformationsfrom premortem MRI in 43 neuropathologicallydiagnosed cases
of HS, AD, and normal controls (NC) selected from a longitudinal study of subcortical ischemic vascular disease (IVD Program
Project). HS cases (n = 11) showed loss of neurons throughout the rostral-caudal extent of the hippocampus in one or both
hemispheres.AD cases (n = 24) met NIA-Reagan criteria forhigh likelihoodofAD. Normalcontrol cases (n = 8) were cognitively
intact and showed no signiﬁcant AD or hippocampal pathology. The mean hippocampal volumes were signiﬁcantly lower in HS
versusAD groups (P<. 001).MeanshapedeformationsintheCA1andsubiculumdiﬀered signiﬁcantlybetween HSversusAD, HS
versus NC, and AD versus NC (P<. 0001). Additional study is needed to determine whether these diﬀerences will be meaningful
for clinicaldiagnosis of individual cases.
1.Introduction
Hippocampal sclerosis (HS) is a highly prevalent pathologic
lesion,foundinapproximately15%ofelderlydementiacases
in autopsy series [1]. It is a common cause of memory loss
in late life, but is rarely diagnosed before autopsy. HS is
characterized by selective neuronal loss with gliosis in the
absence of cystic cavitation, involving the CA1 sector of
the hippocampus and often extending into the subiculum.
A sharp demarcation is often noted histologically between
aﬀected and adjacent normal hippocampal subﬁelds. HS
can aﬀect one or both hemispheres and can be focal or
widespread in its rostral-caudal extent [2]. HS is often
accompanied by othertypes ofpathology, butmay occuras a
relatively isolated ﬁnding [1] .T h ep a t h o g e n e s i so fH Si sn o t
well understood, and ischemia/hypoxia, neurodegeneration,
or a combination of these nonmutually exclusive processes
has been postulated.
A clinical diagnosis of HS is rarely made in late life.
Most HS cases are discovered at autopsy and were diagnosed
clinically as AD. The typical hallmarks of HS seen in
early adulthood (namely, partial complex seizures and T-2
hyperintensity in the hippocampus) are absent in late-onset
HS [3–5].
While hippocampal atrophy is the sine qua non of AD,
it is also observed in HS. Late-life HS is associated with
hippocampal atrophy on MRI, both in vivo [3–5]a n d
postmortem [6]. We previously reported MRI hippocampal2 International Journal of Alzheimer’s Disease
volume to be independently associated with HS and AD
pathology [3, 4]. Thus, it has been diﬃcult to distinguish HS
from AD based on cross-sectional structural MRI.
Recently, automated methods for neuromorphometry
have been developed, which allow for the precise statistical
modeling of neuroanatomical surfaces [7]. Diﬀeomorphic
mapping applied to the hippocampal surface has been
successful in distinguishing AD from normal aging [8]
and in predicting the conversion of cognitively normal
subjects to very mild dementia [9]. In the present study,
we used diﬀeomorphic mapping to compare patterns of
deformation of the hippocampal surface in subjects with HS
and AD compared to controls. Using nonbiased stereology
counting methods, we previously noted greater neuron loss
in HS than AD, especially in CA1 [10]. Therefore we
used diﬀeomorphic mapping to test the hypothesis that
HS could be distinguished from AD based on the severity
of deformations of the hippocampal surface near the CA1
subﬁeld.
2.Materialsand Methods
2.1. Sample Selection. Autopsy cases were obtained from
the Ischemic Vascular Dementia Program Project, a pro-
spective, longitudinal study of subjects with subcortical
ischemic vascular disease (IVD), Alzheimer’s disease (AD),
and cognitively normal elderly subjects (NC). The total
available autopsy sample consists of 146 cases obtained
over the 11 year span of 1997 to 2007. For this study, we
considered 100 autopsy cases with bilateral hippocampi and
MRI available for review.
Cases were evaluated for neuroﬁbrillary tangle load
(Braak & Braak score), neuritic plaque burden (CERAD rat-
ing), Lewy bodies (McKeith Lewy body score), and vascular
lesions including cystic, lacunar, and microinfarcts. HS was
evaluated with the H&E stain. At a minimum, two levels of
the hippocampus were reviewed for each hemisphere: the
level of the pes and at the level of the lateral geniculate
nucleus. More commonly, the entire rostral-caudal extent of
the hippocampus from pes to tail was evaluated.The severity
of HS was scored as “none, focal, or complete,” based on the
extent the hippocampal involvement. HS was rated “none”
when there was no HS, “focal” when HS was limited to a
portion of a CA sector at a single level of the hippocampus,
and “complete” when the HS involved the entire pyramidal
layer of CA1 and/or subiculum through the rostral-caudal
extent of the hippocampus.
Of 100 cases with bilateral hippocampi available for
review, 31 had HS. HS cases selected for this study (n =
11) had complete hippocampal sclerosis in one or both
hemispheres, few or no tangles (Braak and Braak score <
III), or neuritic plaques (CERAD = none or sparse). Cases
with focal HS (n = 3) or hippocampal infarcts (n = 4) were
excluded as were HS cases with AD pathology (n = 13) due
to numerous tangles in the hippocampus.
The AD cases (n = 24) included in this study had a
Braak and Braak stage of V or VI and a CERAD plaque
score of moderate or frequent. AD cases with HS or other
co-morbidities were excluded.
NC cases (n = 8) were cognitively normal (clinical
dementia rating scale, CDR = 0) at last clinical evaluation
prior to death and had no signiﬁcant pathology at autopsy,
namely, Braak and Braak stage < III, CERAD neuritic
plaque score of none or sparse, Lewy body score of 0,
and no vascular lesions. All cases meeting these criteria
were included. Pathologically normal cases which were not
cognitively normal (CDR > 0) were excluded (n = 7).
2.2. Imaging. All imaging was performed on a 1.5Tesla
MR system (Siemens Vision System, Germany), using a
standard head coil. Structural MRI included volumet-
ric T1-weighted magnetization-prepared rapid acquisition
gradient-echo(MPRAGE)image,amultisliceprotondensity,
and T2-weighted images based on a dual-echo sequence.
Hippocampal surfaces in each subject were obtained
using template-based (UCSF template) high-dimensional
brain-warping algorithm (Medtronic Surgical Navigation
Technologies, Louisville, CO), which was created from MRI
data acquired from ﬁve female and ﬁve male volunteers, 57
to 94 years of age, mean age 70.5 for all 11.1 years). Details of
this method have been described elsewhere [11].
Hippocampal surface zones on the UCSF template
surfaces corresponding to underlying subﬁelds were trans-
ferred from an existing source (WUSM template) [9, 12]
using surface matching techniques [13]. Subﬁelds analyzed
correspond to CA1, the subiculum, and a combined subﬁeld
comprising combined deformations for CA2, CA3, CA4,
and the dentate granule cell layer. Hippocampal surface
zones in each subject were obtained by the above brain
warping maps. This procedure has been shown to have
high intraclass correlation coeﬃcients of the areas of the
threesurface zones(CA1−0.97;subiculum−0.97;combined
−0.90), comparing manually outlined hippocampal surface
zones with the surface zones mapped from the template
[12]. Because the transformations from the template to each
subject were one to one and onto, all subjects were in-
registration with respect to the template. Thus, the diﬀerent
zones on the hippocampal surface could be examined in all
subjects using the zones predeﬁned on the surface of the
provisory hippocampal template.
Left and right hippocampal volumes in each subject
were calculated as the volumes enclosed by the hippocam-
pal surfaces. An average hippocampal surface previously
constructed from 86 healthy subjects was used as a ref-
erence surface [12], from which normal deformation of
each subject’s hippocampal surface was calculated at each
surface point. For each subject, deformations were averaged
within each surface zone to represent surface deformations
for CA1, subiculum, and remainder subﬁelds. Using the
mean and standard deviation of the nondemented subjects’
subﬁeld deformation measures, we computed the z-scores
of each subﬁeld zone for each subject in the current study.
Negative values of the surface measures represented inward
deformation of the surface while positive values representedInternational Journal of Alzheimer’s Disease 3
Table 1: Characteristics of the three groups.
HS AD NC Pvalues
N 11 24 8
Age (s.d.) 83.8 (6.7) 80.9 (7.9) 81.3 (6.6) .54
Sex (F/M) 3/8 7/17 6/2 .07
Education (years) (s.d.) 13 (2.5) 14.4 (3.5) 14.9 (4.5) .45
Interval last MRI-death (y) (s.d.) 1.8 (0.95) 3.2 (1.9) 3.7 (2.6) .06
MMSE closest to death (s.d.) 17.1 (8.2) 12.6 (8.5) 29.1 (1.4) <.001
Duration of illness (years) (s.d.) 7.1 (4.5) 8.6 (3.5) — .14
Braak & Braak score (0–6) 1.7 (1.2) 5.6 (0.5) 1.1 (1) <.001
CERAD score (0–3) 0.7 (0.6) 2.5 (0.7) 0.5 (0.7) <.001
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Figure 1: Hippocampal surface deformities in AD (a) and HS (b) compared to NC. Right and left hippocampi are viewed from the top
(dorsal surface, left panel) or the bottom (ventral surface, right panel). The ﬂame scale (b) represents the diﬀerence between the mean
surface of the disease hippocampus and the mean surface of NC hippocampus. Inward deformations are represented by cooler colors (blue
to purple), while outwarddeformationsare represented by warmercolors(orangeto red). Green to yellow represent near zero deformations.
Maximum deformation is 2mm in either direction. The lateral surface (labeled CA1) is proximal to CA1, where the greatest deformations
are found. Labels: SUB = subiculum, CA2-4, DG = combined ﬁelds of CA2, CA3, CA4, and the dentate granule cell layer.
outward deformation of the surface. Table 4 summarizes the
outcomes of these three groups.
2.3. Statistical Analysis. One-way analysis of variance
(ANOVA) was used to compare all of the demographic char-
acteristics in Table 1 except for sex. Fisher’s Exact Test was
usedtoanalyzethecategoricalvariablesex.Two-wayANOVA
using diagnostic group and sex as factors were used to
comparehippocampalshape deformationsandhippocampal
volumes (Tables 4 and 5). Tukey-Kramer follow-up multiple
comparison test was used if overall group diﬀerences were
found. Planned comparisons of HS versus AD were carried
out using least square means for hippocampal deformations4 International Journal of Alzheimer’s Disease
Table 2: Dementia severity, clinical diagnoses, and pathological
diagnoses for HS cases.
Case Duration of
illness (years)
Final
MMSE
Final clinical
diagnosis
Pathological
diagnosis
11 1 1 5 A D H S
24 1 8 A D H S
35 3 A D H S + I V D
41 2 7 C V D H S + I V D
55 2 2 D L B HS + DLB +
IVD
6 17 6 FTD HS + FTD
74 2 8 I V D H S
88 2 5
possible
AD/possible
IVD
HS
95 1 4
possible
AD/possible
IVD
HS + IVD
10 7 12
possible
AD/possible
IVD
HS +IVD
11 11 18
possible
AD/possible
IVD
HS + IVD
andhippocampalvolumes.Analysesweretwo-tailedwiththe
signiﬁcance level set at P<. 05 and were carried out with the
interactive software SAS 9.1 (SAS Institute, Cary, NC).
3.Resultsand Discussion
3.1.Case Selection. Beca us eHSinth ec on t e xtofADpr es en ts
a confound due to hippocampal neuron loss as a result of
both HS and tangle formation, the HS cases included in this
analysis were selected to have HS without concomitant AD.
Similarly, AD cases with accompanying HS were excluded.
3.2. Demographic Characteristics (Table 1). The 3 compar-
ison groups were comparable in age (81 to 84 years) and
education(13to15years).TheNCgroupwaspredominantly
female, which limited our ability to match with AD and HS
cases on sex. The interval between last MRI and death was
shorter in the HS group. Although the mean minimental
statusexam (MMSE)scorewas lower in AD(12.6)compared
to HS (17.1) this diﬀerence was not statistically signiﬁcant.
Table 2 details the duration of illness, the ﬁnal MMSE
score, the clinical diagnosis, and the pathological diagnosis
for the 11 HS cases. None of these cases was diagnosed
clinically with HS. Table 3 lists the dementia severity, clinical
diagnosis, and pathological diagnosis for the AD cases, most
of which were clinically diagnosed with AD.
3.3. Hippocampal Surface Deformations. Figure 1 illustrates
the hippocampal surface deformations for AD hippocampus
and HS hippocampus compared to NC hippocampus. To aid
Table 3: Dementia severity, clinical diagnoses, and pathological
diagnoses for AD cases.
Case Duration of
illness (years)
Final
MMSE
Final clinical
diagnosis
Pathological
diagnosis
11 0 2 0 A D A D
24 6 A D A D
3 5 10 AD AD
41 0 1 7 A D A D
5 9 21 AD AD
6 10 0 AD AD
7 10 4 AD AD
8 7 15 AD AD
9 10 3 AD AD
10 6 8 AD AD
11 5 20 AD AD
12 14 3 AD AD
13 9 2 AD AD
14 8 18 CVD AD
15 10 0 FTD AD
16 0 25 MCI AD
17 6 20 AD/IVD AD
18 9 0 AD/IVD AD
19 7 20 AD/IVD AD
20 15 18 AD/IVD AD
21 5 12 AD/IVD AD
22 14 22 AD/IVD AD
23 13 14 AD AD
24 10 24 MCI AD
the visual identiﬁcation of the three zones of the hippocam-
pal surface (i.e., CA1, subiculum, and the combined ﬁelds
of CA2, CA3, CA4, and the dentate granule cell layer) the
boundaries that demarcate them are shown black. For the
comparison between AD and the NC (Figure 1(a)), areas
of hippocampus showing the greatest group diﬀerences (as
marked by the blue colors) are concentrated in the CA1
and subiculum surface zones. These patterns of deformation
resemble our previous ﬁndings in nonoverlapping subjects
[12]. The comparison between HS and NC hippocampi
(Figure 1(b)) shows a deformation pattern with similar
extent but increased magnitude (in the negative or inward
direction) than that between AD and NC. This observation
was further supported by statistical comparison of surface
deformation z-scores (Table 4).
Quantitative hippocampal surface deformations
expressed as z-scores are presented in Table 4.I nc o m p a r i n g
AD to NC, there were signiﬁcant inward deformations
of right CA1, left subiculum, right subiculum, and left
and right subiculum combined (total) (P = .001). As
s h o w ni nF i g u r e1,d i ﬀerences were found in the CA1
and subiculum surface zone deformations but not in the
CA2+CA3+CA4+DG zone. There was no interaction with
sex for any of the comparisons.International Journal of Alzheimer’s Disease 5
Table 4: Hippocampal shape deformations expressed as z-scores.
NC AD HS F(2,40), P
(n = 8) (n = 24) (n = 11)
CA1 Deformation
Left −0.31 (0.50) −0.90 (0.59) −1.54 (1.08)1 F = 6.69, P = .003
Right −0.35 (0.44) −1.07 (0.68)1 −1.74 (0.85)1,2 F = 9.37, P = .005
Total −0.33 (0.42) −0.99 (0.60) −1.64 (0.91)1,2 F = 9.02, P = .006
Subicular Deformation
Left 0.06 (0.19) −0.39 (0.21)1 −0.73 (0.41)1,2 F = 19.14, P<. 001
Right 0.09 (0.21) −0.34 (0.22)1 −0.67 (0.28)1,2 F = 23.93, P<. 001
Total 0.08 (0.19) −0.36 (0.20)1 −0.70 (0.31)1,2 F = 25.71, P<. 001
Combined deformation
Left 0.24 (0.31) −0.04 (0.33) 0.007 (0.39) F = 2.01, P = .14
Right 0.08 (0.22) −0.17 (0.29) −0.15 (0.33) F = 2.30, P = .11
Total 0.16 (0.25) −0.11 (0.27) −0.07 (0.30) F = 2.88, P = .07
1Diﬀerent from NC, Tukey-Kramer (P<. 05).
2Diﬀerent from AD, Tukey-Kramer (P<. 05).
Table 5: Left, right, and total hippocampal volumes in NC, AD, and HS.
Hippocampal volume
NC AD HS F(2,40), P
Left 2170.2 (333.8) 1638.1 (305.7)1 1294.8 (535.6)1,2 F = 12.27, P<. 0001
Right 2235.5 (259.7) 1622.8 (341.5)1 1251.9 (352.0)1,2 F = 20.49, P<. 0001
Total 4405.7 (541.0) 3260.9 (608.9)1 2546.7 (774.5)1,2 F = 19.37, P<. 0001
Data are mean (s.d.) in: µm3.
1Diﬀerent from NC, Tukey-Kramer(P<. 05).
2Diﬀerent from AD, Tukey-Kramer (P<. 05).
In comparing HS with NC, there were signiﬁcant inward
deformations of left CA1, right CA1, left subiculum, right
subiculum, and left and right subiculum combined (total)
(P = .001).
In comparing HS with AD, signiﬁcant inward deforma-
tions were found for right CA1, and left and right CA1
combined (total), left subiculum, right subiculum, and left
and right subiculumcombined (total) (P = .001).
The CA1 surface zone deformations of the NC subjects
in this study showed an appreciable amount of inward
deformation (left −0.31, right −0.35) while the healthy
reference group from Wang et al. [12] had an average of 0
(used as reference). This diﬀerence could be due to the fact
that 20 healthy subjects from a study of schizophrenia were
included in the reference group of the previous study. The
subjects included in the present study were about 10 years
older, and aging may be related to hippocampal volume loss
and shape deformities. A similar phenomenon was observed
in another study of more elderly subjects with dementia of
the Alzheimer type [14].
3.4. Hippocampal Volume (Table 5). There were no statisti-
cally signiﬁcant diﬀerences in right versus left hippocampal
volume for any group. However, there were statistically
signiﬁcant diﬀerences between NC compared to AD, NC
compared to HS, and AD compared to HS (P<. 001). On
average, hippocampal volumes for AD were 25.9% less than
NC. HS hippocampal volumes were 21.9% less than AD and
42.2% less than NC. There was no interaction with sex for
any of the comparisons.
4.Conclusions
In this paper we demonstrate that hippocampal atrophy and
thecorrespondingchangesinhippocampalshape distinguish
HS from AD on premortem MRI. More atrophy and
greater deformation were observed in those portions of the
hippocampal surface in proximity to the CA1and subiculum
subﬁelds in HS compared to AD. These results support the
possibility that greater severity of hippocampal atrophy and
deformation may be useful for the clinical identiﬁcation of
HS.Additionalstudieswill be needed,however, to determine
whether severity of atrophy and deformation can be used to
distinguish HS from AD on an individual case basis. Better
criteria for clinical diagnosis are needed before advances can
be made in understanding and preventing HS in late life.
We surmise that the signiﬁcant inward deformation of
CA1 found in this study is probably due to neuronal loss as a
result ofneuroﬁbrillary degenerationin ADand tounknown
pathogenesis in HS. Neuron loss in AD is well documented,
and although tangles represent dying or dead neurons, the
tangle itself is space-ﬁlling, that is, it takes up a volume
within the hippocampal subﬁeld, presumably smaller than
the healthy neuron. Although signiﬁcant neuron loss occurs6 International Journal of Alzheimer’s Disease
in AD, there are large numbers of neurons remaining [10].
In contrast, 90% of hippocampal neurons may be lost in
HS. Microscopically, it appears that the neuron loss in HS
involves primarily CA1 and sometimes subiculum. However,
if this condition were restricted to these regions, the volume
losses would not be as great as those seen here. In other
words,themechanismleadingtotheoverallvolumelossseen
in HS aﬀects the entire hippocampus.
A clinical diagnosis of HS is rarely if, ever, made. Indeed,
none of the HS cases in this study received a diagnosis of
HS. Three cases were clinically diagnosed with possible AD,
2with possible IVD, 1with probableDLB,1 FTD,and 4 were
diagnosed with mixed possible AD/possible IVD. A speciﬁc
biomarker for the clinical detection and diagnosis of HS is
greatly needed.
Previous studies have demonstrated a lack of substantial
loss of hippocampal volume in healthy elderly control
subjects as compared with the younger control subjects [15].
In this study, we excluded cases of AD with HS. Had these
cases had been included, the diﬀerences between the groups
would have been less. Age, years of education, MMSE score,
and duration of illness were not signiﬁcantly diﬀerent in
the two disease groups. The NC group was predominantly
female. It is recognized that brain and hippocampal volumes
are generally smaller in females compared to males. The
predominance of females in the NC group would have
aﬀected the AD to NC and HS to NC comparison equally,
and might have led to an underestimation of volume
diﬀerences. However, we did not ﬁnd any eﬀect of sex on
any of these analyses. The shorter interval between MRI
and death in the HS group may have contributed to the
increased severity of atrophy in the HS group, assuming that
atrophy is an equally progressive process in AD and HS.
While the group diﬀerencesin mean severityofhippocampal
atrophy and shape deformation are signiﬁcant, additional
study is needed to determine whether these diﬀerences will
be meaningful for clinical diagnosis of individuals.
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